The role of individual genetic heterozygosity in mate choice is the subject of much current debate [1] [2] [3] [4] [5] [6] . Several recent studies have reported female preference for more heterozygous males [7] [8] [9] , but the mechanisms underlying heterozygote preference remain largely unknown. Females could favor males that are more successful in intrasexual competition [10] [11] [12] [13] [14] [15] , but they could also assess male heterozygosity directly at specific polymorphic genetic markers [9, [16] [17] [18] . Here, we use a breeding program to remove the intrinsic correlation between genome-wide heterozygosity and two highly polymorphic gene clusters that could allow direct assessment of heterozygosity through scent in mice: the major histocompatibility complex (MHC) [19] [20] [21] and the major urinary proteins (MUPs) [22] [23] [24] . When other sources of variation are controlled and intrasexual competition is minimized, female mice prefer to associate with MUP heterozygous over MUP homozygous males. MHC heterozygosity does not influence preference, and neither does heterozygosity across the rest of the genome when intrasexual competition between males is restricted. Female mice thus assess male heterozygosity directly through multiple MUP isoforms expressed in scent signals, independently of the effects of genome-wide heterozygosity on male competitiveness. This is the first evidence that animals may use signals of genetic heterozygosity that have no direct association with individual vigour.
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Results
To disentangle the link between heterozygosity at major urinary protein (MUP), major histocompatibility complex (MHC), and across the genome, we utilized the genetic control provided by inbred laboratory mouse strains to generate stimulus animals, while using wild-derived female house mice (Mus musculus domesticus) as subjects to ensure natural sociosexual responses to the manipulated males [25] . Two inbred strains from separate genetic lineages (C57BL/6 and BALB/c, which differ in MUP and MHC type, as well as many other genetic loci) were crossed to produce male pairs of heterozygous versus homozygous F2 segregants at either MUP or MHC (the other held constant) with equivalent levels of background heterozygosity. As a control, we also paired agematched F1 and F2 males that differed in heterozygosity across the genome except at MUP and MHC. To assess female preference, we placed two males in a pair of linked enclosures (each 1.2 m 3 1.2 m) connected by a narrow tunnel that the female could pass through while the larger males were each confined to their own territory. Thus, females were able to choose between adjacent territorial males differing in heterozygosity in the absence of intrasexual competition that could influence their relative social status. Before assessing female response to males, we first assessed any preference between the two scent-marked territories when males were removed for 7 hr. Preference when males were returned to their territories was then assessed by monitoring of the locations of both the female and the males continuously over 78 hr (see the Supplemental Experimental Procedures available online for further details). This encompassed a full female oestrus cycle: Most females were expected to enter oestrus around 72 hr after first being introduced to the enclosures [23] .
Female Preference
In the absence of the male territory owners, females showed no bias in time spent in the scent-marked territories or nest sites of heterozygous males, whether males differed in heterozygosity at MUP, MHC, or across the rest of the genome (Table S3) . However, when males were present in their territories, females spent more time overall coinhabiting the nest of the MUP heterozygous male than that of the MUP homozygous male (F 1,13 = 5.95, p = 0.03, Figure 1 ). This bias was evident in each separate phase of the light cycle after the first 24 hr of interaction (Figure 2) , and a repeated-measures analysis confirmed that females showed a consistent preference for coinhabiting the nest of the MUP heterozygous male during both the dark (F 1,13 = 9.89, p = 0.008) and the light (F 1,13 = 5.36, p = 0.038) phases of the circadian cycle. This preferred association with MUP heterozygous males appears to be due to females seeking or accepting close contact with the males within their nest sites. There was no bias in the total time spent within the MUP heterozygous versus homozygous males' territory overall (Table S3 ) or in the time that females spent alone within each nest when the male was elsewhere in the territory (F 1,13 = 0.92, p = 0.36). Neither was the bias due to any difference in the time spent by the males themselves alone within nest sites (MUP heterozygous versus homozygous male: light phase, 56 6 5% versus 40 6 7%; dark phase, 11 6 2% versus 12 6 2%; F 1,13 = 0.63, p = 0.44).
In contrast, MHC heterozygosity did not significantly influence time spent in close association with males or total time spent within each male's territory (Table S3) . Further, when MUP and MHC heterozygosity were simultaneously held constant, heterozygosity across the rest of genome did not influence female-preferred association between the two male territory owners (Table S3 ).
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Male Aggression
We deliberately minimized intrasexual competition among males by ensuring that each male occupied an equivalent territory regardless of individual aggressiveness or competitive ability, although males were allowed to interact in a short series of encounters prior to female introduction to encourage normal development of male competitive behavior and scent production (see the Supplemental Experimental Procedures). Because the Mup gene cluster encodes only special communication proteins in a male's scent, it is unlikely that variation at this region would influence male aggressiveness. Nonetheless, to check that this did not explain female preference for MUP heterozygous males, we classified males according to whether the heterozygous or homozygous male was the more aggressive within each pair in encounters prior to female introduction. Overall, we confirmed that there were no significant effects of MUP or MHC heterozygosity on the aggressiveness of males when they were allowed to interact (number of aggressive Heterozygosity across the genome, on the other hand, is known to have a major effect on the ability of male mice to defend territories [12] . In separate tests where 11 pairs of males differing in heterozygosity across the genome (MUP and MHC held constant) were allowed to interact frequently to establish a dominance relationship within cages (see the Supplemental Experimental Procedures), the relatively heterozygous (F1) male became dominant over the relatively homozygous (F2) male in every case (binomial test: p < 0.001). We ensured that differences in intrasexual competition were minimized for the purposes of the female preference test by allowing each male to inhabit an equivalent territory. However, males that were more heterozygous across the genome (excluding MUP and MHC) were three times more likely to intrude first into the neighboring territory when allowed to interact before females were introduced (the more heterozygous male was the most frequent first intruder in 12 out of 16 experimental pairs and entered first on a mean 3.4 out of 5 opportunities compared with a mean 1.1 out of 5 opportunities for the homozygous male: Wilcoxon test z = 22.91, p = 0.004). This did not lead to any consistent difference in their aggressiveness during these initial interactions (the heterozygous male showed more aggression in 9 out of 16 pairs, z = 20.82, p = 0.41) and, even when relative aggressiveness was taken into account, females failed to associate more with males with greater genome-wide heterozygosity (excluding MUP and MHC) when both males inhabited similar territories (main effect of heterozygosity: F 1,13 = 0.043, p = 0.84; interaction between heterozygosity and aggression: F 1,13 = 0.012, p = 0.92).
Mechanism of Assessment
To examine further the mechanism that females use to discriminate between MUP heterozygous versus homozygous Proportion of total time that females spent nesting with males that were either homozygous (open circles) or heterozygous (half-filled circles) at MUP, MHC, or across the rest of the genome (separate panels), summed separately across the dark (shaded background) and light (unshaded background) phases (mean 6 standard error [SE]). Animals spent more time nestingboth alone and together-during the light phase across all tests, and hence the lighting-phase term is significant in all models of time spent in nest boxes. Male heterozygosity across the genome and at MHC type had no effect on nestbox use by females. In contrast, females nested for significantly longer with MUP heterozygous males than with MUP homozygotes (p = 0.03); this behavior was not significantly influenced by lighting phase (interaction term: p = 0.12; see text for details). males, we analyzed the MUPs expressed in the urine of males with different MUP genotypes. We first confirmed that females preferred to associate with MUP heterozygous males over both types of homozygote: Although heterozygote MUP AB preference tended to be stronger ( Figure S1 ) when matched against homozygous MUP AA compared to MUP BB males, this effect was not significant (interaction term: F 1,24 = 2.09, p = 0.16). Overall, there was no difference in the total concentration of urinary protein expressed by MUP heterozygous males compared to the two homozygous phenotypes (for a subset of 11 male pairs, urinary protein to creatinine ratio to correct for urine dilution [26] AB heterozygotes express no more male-specific MUPs than do MUP homozygous males, homozygous MUP AA males express no detectable male-specific 18893Da MUP (J.L.H. and R.J.B., unpublished data) [27] . This male-specific MUP is expressed by most wild male mice and is responsible for binding most of the male pheromone 2-sec-butyl 4,5 dihydrothiazole in mouse urine [28] . The absence of this male-specific protein might have contributed to the stronger preference for MUP AB heterozygotes when paired with homozygous MUP AA males ( Figure S1 ). However, MUP AB heterozygotes expressed no more of this MUP than did MUP BB homozygotes, so the only major difference in phenotype between MUP heterozygous and homozygous males is in the number of different MUP isoforms expressed. Although each of the homozygous phenotypes express four different main urinary MUP isoforms (J.L.H. and R.J.B., unpublished data) [27] , at least seven different isoforms are expressed by heterozygotes, suggesting that the most likely mechanism underlying the direct assessment of male heterozygosity is through detection of the greater number of MUP isoforms in heterozygotes.
Discussion
Our results demonstrate that female mice use a specific genetic marker, the MUPs, to identify and preferentially associate with heterozygous males. The primary function of MUPs is in signaling social information through scent [22, 24, 29, 30] , including individual genetic identity [23] . Heterozygosity at this region has no known or expected effects on the health or vigor of the signal owner. Thus, our study presents the first evidence of a mechanism used by animals to assess genetic heterozygosity directly where the genetic marker used is unlikely to directly influence individual condition. This discovery has significant implications for the debate concerning the role of genetic diversity in mate choice [3] because it demonstrates that assessment of male heterozygosity per se may be important to females, regardless of condition-dependent traits that may be influenced by heterozygosity.
The high polymorphism of each of the putative signaling systems tested (MHC and MUP) is sufficient to ensure that diversity of each signal reflects overall genetic diversity. Odors associated with MHC heterozygosity influence female association with males among sticklebacks [17, 18] , and there is evidence of female preference for the odors of MHC heterozygous males in humans [31] . MHC odors have also been implicated in mate choice and social association in the mouse [21, 32, 33] , although not in the context tested here. Genetic heterozygosity at MHC is thought to be associated with increased health and vigor [20, 34] , so a preference for MHC heterozygotes could be based on diversity at the MHC itself or a response to the better overall condition of more heterozygous males. There is an additional difficulty in studying female preference for MHC heterozygotes: MHC diversity will normally correlate with genome-wide heterozygosity in natural populations (a supposition that has mixed empirical support [3] , pp. 207-208). This association is not controlled in natural population studies such as those on sticklebacks and humans, so the possibility that females use other markers in linkage disequilibrium with MHC has not been eliminated. Here, after experimentally disentangling MHC and genome-wide diversity, we found no evidence that MHC heterozygosity alone influences female association with males in mice, although mice have the potential to assess MHC diversity directly [19] as in sticklebacks [17] .
Instead, we found that heterozygosity at the MUP region plays a significant role in female association behavior. It is possible that differential investment in MUPs could influence male condition through loss of valuable protein from the body, but both protein concentration and body mass were equal between MUP heterozygous and homozygous males in our study. Thus, it is extremely unlikely that females detect diversity at this region through effects on male condition, further confirmed by similarity in levels of aggression between the males. MUPs are primary gene products that provide a direct marker of genetic identity in mouse scents [35, 36] , and these specialized signaling proteins are detected through a class of receptors in the vomeronasal organ [22] . Mice are highly sensitive to differences in the fixed patterns of multiple MUP isoforms expressed by each individual [23, 24] and also avoid inbreeding with close relatives that share the same MUP type as themselves [37] . Heterozygosity assessment, in contrast, most likely involves recognition of the greater diversity of MUP isoforms expressed by heterozygous animals. Whole urine samples were diluted to a standard protein concentration of 1 mg/ml before the gel was loaded. From bottom to top, the lanes show the MUP patterns for the parental (F0) homozygous inbred strains, the heterozygous F1s, and the homozygous and heterozygous F2s. All samples are from adult male mice.
Our discovery that female mice use the MUP region as a mechanism for assessing heterozygosity takes us a step closer to identifying the potential benefits of female preference for more heterozygous males [1, 3, 9] . We did not measure mate choice directly-under captive conditions, wild mice do not breed as easily as laboratory strains that have been selected for this over many generations and even mate with very close relatives. This emphasizes the importance of using wild-derived subjects with normal behavior [25] and natural levels of genetic variability to understand social preferences and mate choice decisions [23, 37] . If the observed preference does extend to mate choice, this could have genetic benefits because of the normal correlation between MUP and genome-wide heterozygosity. Although heterozygosity is not directly heritable, parent-offspring heterozygosity correlations can occur in wild populations [3, 9, 38] , and females choosing heterozygous males may experience greater than average fitness in a fluctuating environment [39] . There may also be benefits to increasing the diversity of offspring specifically at the Mup gene cluster because individual variation in MUP patterns is essential for individual recognition [23] . However, preferred association with MUP heterozygous males may reflect a preference for the nests or territories of these individuals without a sexual preference for such males. The substantial direct benefits potentially offered by more heterozygous males, as illustrated by the significantly greater survival and territorial ability of outbred mice in seminatural enclosures [12] , may have a considerable impact on female reproductive success irrespective of whether the heterozygous male is also the sire. A direct signal of genetic heterozygosity, in addition to any signals that indicate the current competitive success of a male such as territorial countermarking [40] , may provide information about the male's potential vigor and success in future competition. Alternatively, preference for heterozygosity may not be specific to the opposite sex, and females may avoid nesting in sites where signals of homozygosity indicate inbreeding within the local population. In order to distinguish between these possibilities, we are currently undertaking longer term experiments to test whether the association preference for MUP heterozygous males leads to a mating preference, supporting the hypothesis that sire heterozygosity has genetic benefits for offspring.
The MUP signaling system is central to individual recognition and to the maintenance of outbreeding through kin recognition in the house mouse [23, 36, 37] . We now have evidence that females are sensitive not only to the degree of MUP matching with potential mates but also to genetic heterozygosity at this region within individual males. The central role of MUPs in individual recognition, kin avoidance, and heterozygosity assessment make this an ideal system for addressing the function of genetic signals in social and mate choice in vertebrates.
Supplemental Data
Experimental Procedures and one figure are available at http://www. current-biology.com/cgi/content/full/18/8/619/DC1/.
